oligonucleotides kills pheochromocytoma-12 (PC-12) cells and motor neurons in spinal cord organotypic cultures (7, 8) . However, mutant mice deficient in SOD1 do not develop any motor neuron disease (9) , and the transgenic expression of different SOD1 mutants in both mice (10) (11) (12) and rats (13) causes an ALS-like syndrome in these animals, whether SOD1 free radical-scavenging catalytic activity is increased, normal, or almost absent (10) (11) (12) (13) (14) . These observations provide compelling evidence that the cytotoxicity of mutant SOD1 is mediated not by a loss-of-function but rather by a gain-of-function effect (15) .
Transgenic mutant SOD1 mouse model of ALS As indicated above, the transgenic expression of different SOD1 mutants in both mice (10) (11) (12) and rats (13) produces a paralytic syndrome in these animals that replicates the clinical and pathological hallmarks of ALS. The age at onset of symptoms and the lifespan of these transgenic rodents vary among the different lines, depending on the mutation expressed and its level of expression, but when they become symptomatic they invariably show motor abnormalities that progress with the same pattern (11, 16) .
The first motor abnormality, at least in mice, is the development of a fine tremor in at least one limb when the animal is held in the air by the tail (16) . Thereafter, weakness and atrophy of proximal muscles, predominantly in the hind limbs, develop progressively. At the end stage, transgenic mutant SOD1 mice are severely paralyzed and can no longer feed or drink on their own (16) . Neither their nontransgenic littermates nor agematched transgenic mice expressing wild-type SOD1 enzyme develop any of these motor abnormalities.
The first neuropathological changes seen in transgenic mutant SOD1 mice are perikarya, axonal and dendritic vacuoles in motor neurons with little involvement in the surrounding neuropil, and undetectable neuronal loss or gliosis (11, 17) . In the transgenic mutant SOD1 mice that express a glycine-to-alanine substitution at position 93 (G93A) (10) , these changes are observed in 4-to 6-week-old asymptomatic animals. By the time the first symptom, fine limb tremor, arises (about 90 days), vacuolization is prominent, and some neuronal loss, especially of large motor neurons (>25 µm), is observed in the spinal cord. At the end stage, dramatic paralysis (about 140 days), there is still some degree of vacuolization, but the prominent features are the dramatic loss of motor neurons (∼50%), an abundance of dystrophic neurites, a marked gliosis (18) , some globular Lewy body-like intracellular inclusions, and a dearth of motor neurons filled with phosphorylated neurofilaments (10, 16, 17, 19) . Despite the close similarities between the phenotype of transgenic mutant SOD1 rodents and ALS, this experimental model departs from the human disease in a few important ways. First, vacuolar degeneration has not been a well-recognized component of motor neuron pathology in ALS. Second, neurofilamentous accumulation in cell bodies and proximal axons is infrequent in the lines of transgenic animals that express mutant SOD1, while it is conspicuous in ALS. Third, none of the transgenic lines show degeneration in the rodent equivalent of the human corticospinal tract. Notably, these transgenic animals replicate in rodents the effect of mutant SOD1, but how relevant this is to the sporadic form of ALS -which is not linked to SOD1 mutations -is unknown. Despite these imperfections and limitations, transgenic mutant SOD1 rodents unquestionably represent an excellent experimental model of ALS, one which has already generated valuable insights into the pathogenesis of ALS and opened new therapeutic avenues for this dreadful disease.
Hypothesis for mutant SOD1 cytotoxicity
Despite the explosion of ALS research engendered by the discovery of the SOD1 mutations, the actual nature of the gained function by which mutant SOD1 kills motor neurons in ALS remains elusive. Multiple mechanisms have been implicated in the demise of motor neurons in ALS (20) , but only a few may be directly relevant to the form linked to mutant SOD1. For instance, the known free radical-scavenging function of SOD1 led researchers to believe that mutant SOD1-induced neurodegeneration was due to an oxidative stress. This idea was, at least initially, received with enthusiasm due to the fact that a variety of markers of oxidative damage are indeed increased in ALS spinal cords (20) . Currently, it is thought that, if SOD1 mutants were to generate oxidative stress, they could do so by two distinct and not mutually exclusive mechanisms. In the first mechanism, the point mutations would relax SOD1 conformation, hence allowing abnormal kinds or amounts of substrates to reach and react with the transitional metal -copper -contained in the catalytic site of the enzyme. Among the aberrant substrates to be proposed are peroxynitrite (21) and hydrogen peroxide (22) , both of which can directly or indirectly mediate serious tissue damage. In the second mechanism, it is speculated that SOD1 mutations are associated with a labile binding of zinc to the protein (23) , and that, by having lost zinc, mutant SOD1, in the presence of nitric oxide, will catalyze the production of peroxynitrite (24) , which can inflict serious oxidative damage to virtually all cellular elements.
Alternatively, mutant SOD1 cytotoxicity may result from the propensity of this mutant protein to form intracellular proteinaceous aggregates (25) , which are a prominent pathological feature of several of the transgenic lines (12, 13, 19) , and of various cultured cell types expressing mutant SOD1, including motor neurons (26) . As in other neurodegenerative disorders with intracellular inclusions, whether or not these proteinaceous aggregates are actually noxious remains uncertain. Nevertheless, it may be speculated that their presence in the cytosol of motor neurons may be deleterious, by, for example, impairing the microtubule-dependent axonal transport of vital nutriments, or by perturbing the normal turnover of intracellular proteins (27) .
Early on in the effort to determine the nature of mutant SOD1's gained function, it was discovered that transfected neuronal cells expressing mutant SOD1 cDNA were dying by apoptosis (28) , a form of programmed cell death (PCD). Similar observations were subsequently made in transfected PC-12 cells (29) and in primary neurons grown from transgenic mice expressing mutant SOD1 (30) . Collectively, these in vitro data have led many investigators to consider that mutant SOD1 may kill motor neurons by activating PCD, a term that we here use in the sense of cell death mediated by specific signaling pathways. The possible implication of PCD in ALS has been rather appealing to the field of motor neuron diseases ever since the neuronal apoptosis inhibitory protein (NAIP) was identified as a candidate gene for an inherited ALSrelated disorder, spinal muscular atrophy (31) . The remainder of this review will focus on PCD in ALS. Because most of the published mechanistic investigations of that topic have been performed in transgenic mutant SOD1 mice, this appraisal will emphasize this mouse model of ALS, but human data will be cited whenever possible to support the relevance of the animal findings to the human condition.
Morphology of dying motor neurons
In light of the presumed proapoptotic properties of mutant SOD1 observed in vitro, it may be wondered whether, in transgenic mutant SOD1 mice, dying spinal cord motor neurons would also exhibit features of apoptosis, whose morphological hallmarks include cytoplasmic and nuclear condensation, compaction of nuclear chromatin into sharply circumscribed masses along the inside of the nuclear membrane, and structural preservation of organelles (at least until the cell is broken into membrane-bound fragments called apoptotic bodies that are phagocytized). This question has been examined in several careful morphological studies performed in transgenic mutant SOD1 mice (17, (32) (33) (34) . In these animals, most of the sick neurons are atrophic, and their cytoplasm is occupied with vacuoles corresponding to dilated rough ER, Golgi apparatus, and mitochondria (17) . From our own ultrastructural studies in these mice (S. Przedborski, unpublished observations), we can add that many sick neurons have diffusely condensed cytoplasm and nuclei and irregular shapes. Although the actual type of this cell death remains to be determined, these dying neurons exhibit a rather nonapoptotic morphology with some features reminiscent of autophagic or cytoplasmic neuronal death (35) . Yet, in our experience, definitely apoptotic cells are seen but are rare in the spinal cord of affected transgenic mutant SOD1 mice (Figure 1a ). For instance, in end-stage transgenic SOD1 G93A mice, which have lost about 50% of their anterior-horn motor neurons, it can be estimated that about two apoptotic cells will be seen per 40-µm-thick section of the lumbar spinal cord. We have also observed that the vast majority of these apoptotic cells no longer exhibit definite morphological characteristics or express phenotypic markers that allow their identification as neurons or glia. However, some (less than 15%) of the spinal cord apoptotic cells are still immunoreactive for specific proteins such as neurofilament or glial fibrillary acid protein (33) , suggesting that both neuronal and glial cells are dying by apoptosis in the mutant SOD1 model (34) . In our opinion, the paucity of apoptotic dying motor neurons in this mouse model of ALS reflects the difficulty in detecting these cells by morphological means due to the presumed low daily rate of motor neuron loss (16) and the notoriously rapid disappearance of apoptotic cells. Forms of PCD with morphological features distinct from apoptosis also exist (35) (36) (37) , making it difficult to exclude the possibility that a nonapoptotic form of PCD underlies mutant SOD1-related cellular degeneration. In human ALS cases, using morphological criteria including size, shape, and aggregates of Nissl substance, Martin (38) has arranged residual spinal cord motor neurons in ALS postmortem samples in three categories that he believes reflect different stages of degeneration. In the chromatolysis stage, motor neurons still resemble their normal counterparts except that the cell body appears swollen and round, the Nissl substance dispersed, and the nucleus eccentrically placed. Some chromatolytic neurons have prominent cytoplasmic hyaline body inclusions. In the attritional stage, the cytoplasm and the nucleus appear homogenous and condensed, and the cell body appears shrunken and with hazy multipolar shape. In the so-called apoptotic stage, the affected motor neuron is approximately one-fifth of its normal diameter, the cytoplasm and nucleus are extremely condensed, and the cell body adopts a fusiform or round shape devoid of any process. Notably, in none of the three stages do residual motor neurons show appreciable cytoplasmic vacuoles or nuclear condensation accompanied by round chromatin clumps. Taken together, these findings suggest that, while degenerating neurons in both human ALS and its experimental models do exhibit some features reminiscent of apoptosis, the vast majority of dying cells cannot confidently be labeled as typical apoptotic.
Expression of apoptotic markers
Besides exhibiting singular morphological features, apoptotic cells may also show a variety of cellular alterations. The detection of internucleosomal DNA cleavage by either gel electrophoresis or in situ methods has emerged as a popular means of supporting the occurrence of apoptosis in all sorts of pathological situations, including ALS. However, like many of these apoptotic markers, DNA fragmentation detected by in situ methods (e.g., terminal deoxynucleotidyl transferasemediated nick end labeling) is now well recognized as also occurring in nonapoptotic cell death, including necrosis (35) . So the value of DNA cleavage evidenced by in situ techniques as a specific marker of apoptosis may be limited. In addition to this caveat, the search for DNA fragmentation in ALS postmortem samples has generated conflicting results. In one autopsy study, DNA fragmentation was detected by an in situ method in spinal cord motor neurons in ALS but not in control specimens (39) . In two other similar studies, DNA fragmentation was detected not only in the motor cortex and spinal cord of ALS specimens, but also, though to a lesser degree, in control specimens (40, 41) . In a subsequent study, internucleosomal DNA fragmentation was detected in affected (e.g., motor cortex and spinal cord) but not in spared brain regions (e.g., somatosensory cortex) of ALS cases (38) , and, in diseased motor neurons, only at the somatodendritic attrition and apoptotic stages and not at the chromatolytic stage (38) . The author of that study has also documented DNA fragmentation in anteriorhorn gray matter of the spinal cord and motor cortex of ALS cases by gel electrophoresis (38), a technique not frequently used in the nervous system to identify apoptosis since, in many neurological situations, it is difficult to obtain samples with a sufficiently high proportion of dying cells. In contrast to all these positive findings, other groups, using similar techniques and tissue samples, have failed to provide any evidence of internucleosomal cleavage of DNA in postmortem tissue from human ALS cases or from animal models of the disease (32, 41, 42) . Although the actual reason for these divergent results is unclear, they cast doubt on the reliability and even the specificity of such findings.
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Figure 2
Molecular pathways of PCD. To date, at least three different PCD molecular pathways have been recognized: the mitochondrial pathway (also called intrinsic), the death receptor pathway (also called extrinsic), and the ER pathway. In the mitochondrial PCD pathway, translocation of the proapoptotic protein Bax and the BH3-domainonly protein Bid from the cytosol to the mitochondria promotes cell death by inducing the release of cytochrome c (Cyt. c) from the mitochondria to the cytosol; although both full-length and truncated Bid (t-Bid) translocate to the mitochondria, t-Bid is the most biologically active form. Once in the cytosol, cytochrome c activates caspase-9 in the presence of Apaf-1, which, in turn, activates downstream executioner caspases. This pathway can be inhibited by the antiapoptotic protein Bcl-2 and by the protein caspase inhibitor X chromosome-linked inhibitor of apoptosis (XIAP). In the death receptor pathway, caspase-8 is activated by death receptors (members of the TNFR family) in the plasma membrane via the intermediary of adapter proteins. Death receptors include Fas (CD95) and the low-affinity neurotrophin receptor (p75 NTR ). Activated caspase-8 then activates executioner caspases, directly or indirectly, through the activation of Bid. Stress in the ER, including disruption of ER-calcium homeostasis and accumulation of excess proteins in the ER, can also result in apoptosis through activation of caspase-12. This caspase is not activated by membrane-or mitochondria-targeted apoptotic signals. Activation of the upstream caspase-1, the key enzyme responsible for the activation of IL-1, also results in activation of executioner caspases and enhances, at least in part through the cleavage of Bid, the activation of the mitochondria-dependent apoptotic pathway.
Two other apoptotic markers, the Le Y antigen (43) and fractin (44) , were also studied in ALS, and here the picture seems less ambiguous. Neither marker was detected in spinal cords of controls, but were highly expressed in spinal cords of, respectively, ALS cases (39) and transgenic SOD1 G93A mice (34) . Likewise, the levels of the apoptosis-related protein prostate apoptosis response-4 (45) were increased in spinal cord samples from both ALS patients and transgenic mutant SOD1 mice compared with their respective controls (46) . Together with the morphological data summarized above, these findings support the view that apoptosis occurs in ALS. What all of these studies fail to do, however, is to provide definite mechanistic insights into the significance of these alterations in the pathogenesis of ALS.
Activation of apoptotic molecular pathways
Given the ambiguous results of the morphological studies, it appears that a more convincing approach to evaluating the role of apoptosis in ALS may be to determine whether the neurodegenerative process in transgenic mutant SOD1 mice, irrespective of the morphology of the dying cells, involves known molecular mediators of PCD, and whether targeting such key factors can affect the course of the disease.
PCD is a multistep machinery (Figure 2 ) that involves a complex interaction between survival pathways, activated by trophic factors, and death pathways, activated by various stresses. So far, the two pathways that have been most implicated in neuronal survival are the PI3K pathway, which activates Akt (also known as protein kinase B) to suppress the activation of proapoptotic proteins, and the extracellular signal-regulated kinase/MAPK (ERK/MAPK) pathway, which activates antiapoptotic proteins (47) .
The best-known PCD-mediating pathways are those involved in the activation of caspase-3. The caspases are a family of cysteine-aspartate proteases (Figure 2 ; see below for details), many of which are involved in PCD either at the level of upstream signaling (notably caspase-8 and caspase-9) or more downstream at the effector level (notably caspase-3). Caspase-8 and caspase-9 both cleave procaspase-3 to activate it. Caspase-9 is activated by a signal derived from mitochondria under the control of the Bcl-2 family of proteins (Figure 2 ; see below for details). Caspase-8 is activated by death receptors (members of the TNF receptor family) in the plasma membrane via the intermediary of adapter proteins (48) . Death receptors include the low-affinity neurotrophin receptor (p75 NTR ) and Fas (CD95); the latter seems to participate in the death of embryonic motor neurons in primary cultures (49) , but whether Fas contributes to the death of mature motor neurons and to the neurodegenerative process in transgenic mice expressing mutant SOD1 remains to be demonstrated. Other key molecules in PCD signaling include ceramide, MAPKs (JNK and p38), and the transcription factors activator protein-1 and NF-κB (47, 48) .
In light of the presumed proapoptotic properties of mutant SOD1 (28) , it is tempting to suggest that the mutant protein may be a death-signaling molecule in itself, either directly, by setting in motion the PCD cascade, or indirectly, by interacting with a variety of intracellular targets such as trophic factors, Bcl-2 family members, or even mitochondria. Mitochondria are a particularly appealing target, because they not only contain mutant SOD1 (50) but are structurally and functionally altered in transgenic mutant SOD1 mice (51, 52) , and because they play a pivotal role in PCD (53) . Also relevant to the issue of death and survival signals in the mutant SOD1 model are the Western blot and immunohistochemical demonstrations of the weakening surviving signal mediated by PI3K/Akt in spinal cords of transgenic mutant SOD1 mice even before overt neuropathological features arise (54) . Once the mutant SOD1-mediated neurodegenerative process has been initiated, several secondary alterations develop in spinal cords of transgenic mutant SOD1 mice, including microglial cell activation (18) and T cell infiltration (55), both of which may release a plethora of cytokines and other pro-PCD mediators. Accordingly, while the nature of the initial death signal in transgenic mutant SOD1 mice remains elusive, in a more advanced stage of the disease the increased expression of several extracellular inflammation-related factors such as IL-1β, IL-6, and TNF-α (56) may amplify the death signals that are already reaching motor neurons in this mouse model of ALS, by activating death receptors such as Fas (49) . IL-1β content is also elevated in human ALS spinal cords (57) .
The role of the Bcl-2 family in motor-neuronal cell death in ALS
The Bcl-2 family, implicated in the regulation of PCD (Figure 2 ), is composed of both cell-death suppressors such as Bcl-2 and Bcl-X L and promoters such as Bax, Bad, Bak, and Bcl-xS (58) . Many of these molecules are present and active within the nervous system and appear to be potent modulators of neuronal death. In human ALS cases and affected transgenic SOD1 G93A mice, Bcl-2 mRNA content appears significantly decreased and Bax mRNA content significantly increased in the lumbar cord compared with those of controls (59, 60) . This is consistent with the finding in both human ALS cases and symptomatic transgenic SOD1 G93A mice that the spinal cord expressions of the antiapoptotic proteins Bcl-2 and Bcl-X L are either unchanged (40, 61) or decreased (38, 60) , whereas that of the proapoptotic Bax and Bad proteins is increased (38, 40, 60) . Different SOD1 mutations do not cause exactly the same neuropathology. It is important to note that a very similar pattern of changes of selected pro-and anti-cell death Bcl-2 family members was found in spinal cords of affected transgenic SOD1 G86R mice compared with their wild-type counterparts (62) . None of these alterations, however, is seen in young asymptomatic transgenic SOD1 G93A mice; but they clearly become progressively more conspicuous as the neurodegenerative process progresses (60) . With regard to function, in the spinal cords of both ALS patients and affected transgenic mice expressing mutant SOD1, Bax is not only upregulated but is also expressed mainly in its active homodimeric conformation (38, 60) . As illustrated in Figure 1b , it is markedly relocated from the cytosol to the mitochondria (38, 63) ; this relocation is, in many cellular settings, a prerequisite to the recruitment of the mitochondria-dependent apoptosis pathway. So it seems that, in ALS, during the neurodegenerative process, the fine-tuned balance between cell-death antagonist and agonist of the Bcl-2 family is upset in favor of pro-cell death forces. In support of this view is the finding that overexpression of Bcl-2, presumably by buffering some of the pro-cell death drive (60), mitigates neurodegeneration and prolongs survival in transgenic SOD1 G93A mice (64); a similar beneficial effect of Bcl-2 was reported in mutant SOD1-transfected PC-12 cells (29) .
Other meaningful Bcl-2 family members that appear to be in play in ALS include Bid and Harakiri, two potent pro-PCD peptides, which can participate in the cell death process, either directly or indirectly, by potentiating the effect of Bax. Bid appears to be highly expressed in the spinal cord of transgenic SOD1 G93A mice and is cleaved into its most active form during the progression of the disease (65). Harakiri's expression has been detected in motor neurons of ALS, but not of control, spinal cord specimens, specifically in spared neurons, of which some exhibited an abnormal morphology reminiscent of that labeled by Troost et al. (61) as apoptotic (66) .
The quest to elucidate how Bcl-2 family members are deregulated in ALS is fascinating. As in other pathological situations, it is unlikely that mutant SOD1 directly produces the observed changes in Bax. It is more likely that mutant SOD1 ignites intracellular signaling pathways, which, in turn, cause Bax upregulation and translocation. This scenario would be consistent with what we currently know about the regulation of Bax and how Bax is usually brought into action in PCD. The tumor suppressor protein p53 counts among the rare molecules known to regulate Bax expression (67) . In normal situations, p53 basal levels in the cell are very low, but upon activation, as seen in pathological situations, there is a rapid rise in p53 mRNA and protein levels, as well as posttranslational modifications that stabilize the protein (68) . Activation of the p53 pathway in ALS is evidenced by the demonstration that p53 is increased in the nuclear fraction of affected brain regions in ALS patients (69) , as is p53 immunostaining in neuron nuclei of transgenic SOD1 G86R mice (62) . Despite the compelling evidence that p53 is activated in ALS, two independent studies have failed to provide any supportive data for an actual role for this transcriptional factor in mutant SOD1-mediated neurodegeneration (70, 71) .
Caspases in the ALS neurodegenerative process
Caspases are members of a distinct family of cysteine proteases that share the ability to cleave their substrates after specific aspartic acid residues and that are present in cells as inactive zymogens, called procaspases. So far, 14 different mammalian caspases have been identified that differ in primary sequence and substrate specificity.
An instrumental role for caspases in ALS neurodegeneration is supported by the demonstration that the irreversible broad-caspase inhibitor benzyloxycarbonylVal-Ala-Asp(O-methyl)-fluoromethylketone attenuates mutant SOD1-mediated cell death in transfected PC-12 cells (29) and in transgenic SOD1 G93A mice (57) .
All of the identified caspases are grouped based on their function. One group includes caspases -1, -4, -5, -11, -12, and -14, which are now believed to play a primary role in cytokine maturation. Among these, in ALS, the lion's share of attention until now has been given to caspase-1, the key enzyme responsible for the activation of IL-1. Procaspase-1 is highly expressed in spinal cord motor neurons, and its activation in the spinal cord of transgenic mutant SOD1 mice coincides with the development of the glial response and with the very beginning of the loss of motor neurons (33, 34, 57, 63, 72) . Despite caspase-1's likely indirect role in PCD, chronic inhibition of caspase-1 by a dominant negative mutant of the enzyme has been proven effective in prolonging the life of transgenic SOD1 G93A mice (73) . So far, the status of the other members of the caspase-1 subfamily in ALS is unknown. Some preliminary investigations show that caspase-12, which is known to be activated following ER stress (74) , is expressed in motor neurons of nontransgenic mice, and even more so in those of symptomatic transgenic SOD1 G93A mice (C. Guégan et al., unpublished observations). In symptomatic transgenic SOD1 G93A mice, most of the motor neurons immunopositive for caspase-12 appear condensed, shrunken, and vacuolized. Although more work on caspase-12 remains to be done in this model of ALS, our preliminary data argue that sick cells are the site of an ER stress whose occurrence could well contribute to the overall cascade of deleterious events that ultimately underlies the demise of spinal cord motor neurons in the mutant SOD1 model. By contrast, caspases -2, -3, -6, -7, -8, -9, and -10 have been implicated in apoptosis per se, although their roles can be further divided into "initiator" and "effector."
Initiator caspases include procaspases -2, -8, -9, and -10, all of which have long prodomains and proteinprotein interaction motifs, such as the death-effector domain and the caspase-activation and -recruitment domain, that contribute to the transduction of various signals into proteolytic activity. Procaspase-8 is activated after ligation of certain cell surface receptors, such as the TNF receptors. Interestingly, while significant glial response and production of IL-1β occur early in transgenic mutant SOD1 mice (see above), activation of procaspase-8, like induction of TNF-α (56), is only detected in spinal cords near the end stage (65) . This suggests that, in this ALS model, the TNF/caspase-8 machinery may be a late contributor to the degenerative process. Caspase-2 is another initiator of PCD whose activation occurs in the spinal cord of affected transgenic mutant SOD1 mice (S. Vukosavic et al., unpublished observations). Yet ablation of caspase-2 in transgenic SOD1 G93A mice has been reported to be of no consequence to the expression of the disease (75) , indicating that whatever the role of caspase-2 is in ALS, it is dispensable. A third caspase initiator is caspase-9, whose role is pivotal in the so-called mitochondria-dependent PCD pathway (53) . Here, after a death stimulus, released mitochondrial cytochrome c interacts in the cytosol with apoptotic protease-activating factor-1 (Apaf-1) in the presence of dATP, which stimulates the processing of procaspase-9 into its active form, which in turn can activate the downstream executioner caspases (see below). Evidence of prominent recruitment of this mitochondrial pathway has been documented in spinal cord specimens of both ALS patients and transgenic SOD1 G93A mice (63) . In that study, it is shown that, while cytochrome c is confined to the mitochondria in cells in the control samples, it is diffusely distributed in the cytosol in several of the spared cells, especially neurons, in the pathological samples. It is also demonstrated, at least in transgenic mutant SOD1 G93A mice, that the mitochondrial cytochrome c translocation to the cytosol occurs at the same time as the cytosolic Bax translocation to the mitochondria and activation of procaspase-9, and before activation of downstream caspase executioners such as procaspase-3 and procaspase-7 ( Figure 1, b-d) . Because caspase-9 is thought to be so critical in many cell-death settings, it is very likely that the observed translocation of cytochrome c and activation of procaspase-9 in ALS represent significant pathological events. Consistent with this view is the finding that prevention of mitochondrial cytochrome c release lengthens the lifespan of transgenic SOD1 G93A mice (76) .
Effector caspases include procaspases -3, -6, and -7, all of which have short prodomains and lack intrinsic enzymatic activity. However, upon their cleavage, which is triggered by, for example, initiator caspases, effector caspases acquire the capacity to cleave a large number of intracellular substrates, which probably results in the eventual death of the cell. Consistent with this scenario, it has been reported that key effector caspases such as caspase-3 and caspase-7 (see Figure 1d) are indeed activated in spinal cords of transgenic mutant SOD1 mice in a time-dependent manner that parallels the time course of the neurodegenerative process (33, 34) ; activation of procaspase-3 has also been observed in spinal cord samples from ALS patients (38) . Yet current data on the sequence of events in the PCD cascade indicate that, once effector caspases have been activated, the cell death process, at least in certain pathological settings, has reached a point of no return. This would suggest that, in these specific conditions, the death commitment point is situated upstream of these caspases, and, consequently, interventions aimed at inhibiting these downstream caspases may fail to provide any real neuroprotective benefit (77) . Whether this applies to the demise of motor neurons in ALS remains to be determined.
Conclusion
In this review we have described evidence that numerous key molecular components of PCD are recruited in ALS. We have also shown that, while precious data on PCD in ALS have been obtained thanks to the study of postmortem human samples, information regarding the temporal relationships of these changes and their significance in the pathological cascade emanates essentially from the use of transgenic mutant SOD1 mouse models. In light of the abovedescribed PCD-related changes, it would appear that this active form of cell death is not the sole pathological mediator of cell demise in ALS but rather one key component within a coalition of deleterious factors ultimately responsible for the degenerative process. As discussed above, however, the actual relationships between mutant SOD1 and the various other presumed culprits represented by protein aggregates, oxidant production, and PCD activation are still unknown, and a better understanding of the pathogenic cascade in ALS will require their elucidation.
In our opinion, one of the most important takehome messages from the body of work summarized above is that an apoptotic morphology should not be used as the sole criterion of whether molecular pathways of PCD have been recruited. Indeed, we can not stress enough that the PCD molecular pathways may be activated in a neurodegenerative process such as that seen in ALS, even when the prevalent morphology of the dying cells is nonapoptotic. Relatedly, caspase-9 is instrumental in paraptosis (37), a specific morphological form of nonapoptotic cell death.
Apart from the question of whether the morphology of dying neurons in ALS is apoptotic, but still relevant to our discussion, is the contrast between the paucity of morphologically identified dying cells and the rather robust spinal cord molecular PCD alterations. How can this striking discrepancy be reconciled? First, it is possible that the morphological expression of PCD is much more ephemeral than its molecular translation. Therefore, since in ALS the degenerative process is asynchronous, small lasting differences in the expression of these markers may have significant impact on the total number of cells that exhibit a given marker at a given time point. Second, it is also possible that, since apoptotic morphological features are confined to the cell body while PCD molecular alterations may be found not only in cell but also in cell processes, axons, and nerve terminals. Thus, the detection of PCD morphology may be much more challenging than the detection of PCD molecular events. Third, the molecular tools used in all of the cited studies see not only the rare cells that are truly dying but also the numerous sick cells that may or may not ultimately die and that thus may or may not show the typical apoptotic morphology.
Another important point that derives from the work in transgenic mutant SOD1 mice is that not only neurons but also glial cells appear to be the site of PCD-cascade activation. This observation does not undermine the potential pathogenic role of PCD in the ALS death process, but it raises the possibility that PCD may not only kill neurons in this disease. However, since SOD1 is expressed in all cells, not only in motor neurons, it is possible that the activation of PCD in both neurons and glia reflects the ubiquitous nature of the mutant protein expression.
Whether PCD is also activated in neuron and glial cells in the forms of ALS that are not linked to mutant SOD1 is unknown at this point.
Clearly, the overall mechanism of neurodegeneration in ALS is still incompletely known. Nevertheless, the available evidence indicates that PCD is in play in ALS and thus warrants further investigation of the role of the PCD cascade in ALS pathogenesis and treatment.
The most effective therapeutic strategies tested so far in transgenic mutant SOD1 mice target very distinct molecular pathways. We can therefore imagine that, ultimately, the best therapy for ALS will come from a combination of several interventions and not from a single treatment. In keeping with this view, unraveling the sequence of key PCD factors recruited during ALS neurodegeneration should enable us to identify the most significant molecules to be targeted by this therapeutic cocktail to produce optimal neuroprotection.
